By utilizing high-throughput sequencing and metagenomics, this study revealed how the microbial community characteristics including composition, diversity, as well as functional genes in managed aquifer recharge (MAR) systems can be tuned to enhance removal of trace organic chemicals of emerging concern (CECs). Increasing the humic content of the primary substrate resulted in higher microbial diversity. Lower concentrations and a higher humic content of the primary substrate promoted the attenuation of biodegradable CECs in laboratory and field MAR systems. Metagenomic results indicated that the metabolic capabilities of xenobiotic biodegradation were significantly promoted for the microbiome under carbon-starving conditions.
INTRODUCTION
Riverbank filtration, soil aquifer treatment and artificial recharge and recovery, collectively referred to as managed aquifer recharge (MAR) are soil-based processes involving infiltration of water through a vadose and saturated zone (Missimer et al. ) . Previous studies have demonstrated that MAR systems are capable of attenuating dissolved organic carbon (DOC), pathogens as well as trace organic chemicals (Kühn & Müller ; Grünheid et al. ; Hoppe-Jones et al. ) . These natural water treatment systems are characterized as reliable processes with the benefit of a low-energy demand, no input of chemicals or residual generation. The key disadvantages, however, are their large physical footprint and lack of a detailed process understanding, which both hinder their deployment in densely populated urban settings.
An improved process understanding in particular for the attenuation of trace organic chemicals of emerging concern (CECs), such as pharmaceutical residues, household chemicals or emerging disinfection by-products, can result in a more informed design, predictable water quality and shorter retention time and therefore a reduced physical footprint of natural subsurface treatment systems. In addition, opportunities might evolve to potentially enhance the removal efficiency by creating more favorable conditions for attenuation of CECs through manipulation of predominant redox or substrate conditions. By utilizing high-throughput sequencing and metagenomics coupled with state-of-the-art chemical analysis, the goal of this study was to reveal how the microbial community characteristics of the microbiome in MAR systems including quantity, composition, diversity, as well as functional genes can potentially be tuned by modifying key boundary conditions (bioavailability of primary substrate) to enhance CEC removal. simulate the prevailing geochemical conditions in MAR systems. These feed waters represented different amounts of biodegradable DOC (BDOC) ( Table 1) . The secondary effluent was sampled at a local wastewater treatment plant. The tap water samples were collected after treatment from a surface water treatment plant utilizing a local creek for drinking water production. The synthetic wastewater feeds represent different ratios of the following organic carbon sources: peptone (BD Bacto™ Peptone, Becton, Dickenson & Co.), yeast (BD Bacto™ Yeast Extract, Becton, Dickenson & Co.) and humic substances (humic acid sodium salt, Sigma Aldrich). Peptone and yeast (mixed in a ratio of 2:1 and referred hereafter as peptone-yeast) mimic the easily degradable organic matter present in treated wastewater, while the humic substances represent the more refractory carbon of wastewater effluents. The composition of the primary substrate was varied by providing two different ratios of peptone-yeast and humic acid to the columns (Table 1) . The synthetic wastewater also contained a mix of salts representing levels found in a typical secondary treated effluent. In addition small quantities of micronutrients with concentrations of 1 mg/L and less were added as described in Dantas et al. () .
The soil column systems were filled with sandy aquifer material, operated under saturated flow conditions and acclimated over several months. All column systems were equipped with intermediate sampling ports and were continuously spiked with select CECs in the ng/L range. These targeted CECs represented chemicals that exhibited different degrees of biodegradability in subsurface systems. Based on previous studies, these compounds were characterized as well (caffeine, atenolol, trimethoprim), moderately (sulfamethoxazole, diclofenac), and poorly (primidone) degradable during MAR (Drewes et al. , ) . A conservative tracer (potassium bromide) was used to determine the hydraulic retention time for intermediate sampling ports of the soil columns (data not shown). Bulk water quality parameters (i.e., DOC, ammonia, nitrate, UV absorbance at 254 nm, 3-D fluorescence) were measured on a routine basis. A detailed description of the utilized soil column systems is provided in Li et al. () and Rauch-Williams et al. () . Six CEC sampling campaigns were carried out during a 4-month period.
Bulk water quality parameters and other physicochemical parameters were analyzed according to Standard Methods (APHA ). DOC was analyzed and recorded with a Sievers 5310C TOC Analyzer according to Standard Method 5310B. UV absorbance at 254 nm was determined according to Standard Method 5910B with a Beckman Coulter DU 800 UV/Vis spectrophotometer. 3-D fluorescence spectroscopy was performed on feed samples with a Jobin Yvon Horiba Fluoromax-4 spectrofluorometer for the generation of excitation-emission matrices (EEMs) that speak to the character (humic acid, fulvic acid, biopolymers) of DOC. For this method, samples were adjusted to a pH between 6 and 8 and normalized through dilution to reach a total organic carbon (TOC) content of 1 mg/L for the samples to be comparable with each other (Dahm et al. ) . Ammonia and dissolved manganese were monitored with grab samples and analyzed with a Hach DR 2800 spectrophotometer (methods 10205 and 8149). Nitrate was determined using a Dionex DS600 ion chromatograph equipped with an AS14 column and sodium bicarbonate eluent according to Standard Method 4110C.
Samples were preserved to prevent biodegradation and were stored at 4 W C (water) and À20 W C (sediment) prior to respective chemical and microbial analyses. Solid phase extraction (SPE) for CEC analysis and bulk organic carbon analysis were performed within 48 hours after sampling. Automated SPE (AutoTrace 280, Thermo Scientific, USA) was performed using Waters (Milford, MA) Oasis HLB cartridges (500 mg adsorbate). Isotope standards (100 ppb in methanol) were obtained for all target analytes and spiked into the water samples (100 mL) prior to SPE. The final samples were prepared in a ratio of 10/90 methanol/water (v/v) for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis using an AB SCIEX QTRAP 3200 MS/MS system coupled with an Agilent 1200 HPLC and a CTC Analytics HTS PAL autosampler. The limit of quantification for all compounds analyzed by the LC-MS/MS method in this study was in the range of 1 to 100 ng/L. The CEC method is described in detail in Teerlink et al. () . Determined as differential between column influent and effluent after 120 cm (∼20 hrs) of travel.
The DNA extraction, pyrosequencing and sequence analysis procedures are described in Li et al. () . 16S rRNA gene sequences generated from pyrosequencing on a 454 Genome Sequencer FLX Titanium (Roche) were processed using the Quantitative Insights Into Microbial Ecology (QIIME v1.3.0) pipeline with default settings. In addition, the Shannon diversity index was also calculated with QIIME. Metagenomic sequences were demultiplexed, quality filtered and functionally assigned to KEGG Orthology using MG-RAST Version 3.2 (http://metagenomics. nmpdr.org). The relative abundance of functional genes related to biodegradation pathways of several typical xenobiotics was also obtained by assigning metagenomic sequencing to KEGG (Kyoto Encyclopedia of Genes and Genomes) database, and then the relative percentage change of the abundance value for each kind of xenobiotic pathway between low and high BDOC conditions was calculated.
RESULTS AND DISCUSSION

Role of primary substrate
Attenuation of the majority of biodegradable CECs in the subsurface system is determined by the capability of the indigenous microbial community to transform them. CECs in many source waters, such as reclaimed water, stormwater or impaired surface water, fed to MAR systems usually occur at low concentrations (ng/L) (Drewes ) . This concentration level is insufficient to provide the primary energy source for microbes present. Instead, bulk DOC (commonly present at mg/L concentration levels in these feed waters) represents the primary substrate for microbial growth and energy generation. Previous research has suggested that the BDOC is likely playing a major role in influencing the microbial community structure and function in subsurface systems where CEC degradation occurs In this study, we utilized identical controlled soil column set-ups that were fed with different carbon concentrations and compositions. In addition, these columns were spiked with select CECs at the ng/L level. The two carbon source compositions applied to these column systems resulted in high and low BDOC concentrations during the initial phase of infiltration (1.5 and 0.7 mg/L, respectively, after 120 cm of travel). Figure 1(a) illustrates the microbial community composition at the phyla level at 1 and 120 cm depths for both column systems after reaching steady-state conditions (regarding DOC removal and make-up of the microbiome). These results reveal that microbial community compositions between the two column systems at 1 cm were more different than those at 120 cm, probably due to the exhaustion of easily utilized carbon sources at the depth of 120 cm in both column systems. Meanwhile, shifting the composition of the primary carbon source to lower concentrations and a higher humic content resulted in higher microbial diversity (at the phyla and species level) both in the immediate infiltration zone (1 cm) and a depth of 120 cm, as evidenced in Figure 1(b) . The Shannon diversity values of microbial community were higher at both 1 and 120 cm depths (8.7 and 5.8, respectively) of the column system receiving lower BDOC concentration and higher humic content than the values at corresponding depths of the other column system (8.3 and 5.5, respectively).
Role of primary substrate on CEC removal
Additional experiments were conducted to investigate the dependency of CEC removal on the composition and concentration of the primary substrate (measured as BDOC) using real feed waters (secondary effluent; tap water). The removal of eight CECs was studied under saturated flow conditions in similar soil column set-ups. The hydraulic retention time based on conservative tracer studies in the soil columns was 14 days. Water samples were collected from the column influent, effluent and intermediate sampling ports. CECs were spiked at the ng/L level to column feed waters representing high (secondary effluent) and low (tap water) BDOC concentrations (4.1 and 0.2 mg/L, respectively) with different compositions. 3-D fluorescence excitation-emission spectra (Figure 2 ) confirm the expected composition of the secondary effluent sample, which comprises both protein matter (275/350 nm) as well as fulvic and humic acids (360/440 nm; 270/450 nm). The tap water sample, however, is characterized by very low carbon concentrations.
Lower primary substrate concentrations and a higher humic content promoted the attenuation of well and moderately degradable CECs during simulated MAR as illustrated for atenolol in Figure 3 . The removal of atenolol increased significantly under low BDOC or 'carbon starving' conditions compared to higher BDOC concentrations. CEC removal in these experiments followed a first-order kinetic. The first-order decay constants were calculated for all of the targeted CECs and are summarized in Table 2 . For all biodegradable CECs (with the exception of naproxen), low BDOC concentrations (0.2 mg/L) resulted in higher decay constants and thus a faster removal under saturated flow 
Degradation gene abundance under high and low BDOC conditions
In addition to the phylotype content, the metabolic potential of the microbiomes present at 1 cm of both systems receiving higher and lower BDOC concentrations was determined by metagenomics using soil samples from the soil column system. Most of the major metabolic categories were similar between the systems receiving higher and lower BDOC. However, the relative abundance of several functional genes related to xenobiotic pathways, in particular aminobenzoate and cytochrome P450, increased in the presence of lower BDOC conditions as compared to higher BDOC conditions (Table 3 ). These findings suggest that starving conditions can result in a shift in the microbial community to select for enzymes that are more suitable for CEC attenuation. Beside other environmental variables, the composition of the primary substrate (DOC) can result in selective pressure for microbial processes that facilitate a better removal of CECs. Furthermore, considering the microbial community compositions under different primary substrate conditions as shown in Figure 1 , some microbial groups like Bacteroidetes might harbor more abundant CEC-degrading genes. 
